INTRODUCTION {#SEC1}
============

Selenocysteine is widely distributed in all three domains of life: Bacteria, Archaea and Eukarya, including humans. Selenocysteine is known as the 21st amino acid that is translationally incorporated into proteins, and its three-letter code is Sec ([@B1]). The chemical structure of selenocysteine is similar to that of cysteine, where the selenium atom in selenocysteine corresponds to the sulfur atom in cysteine. The selenol group in selenocysteine is more nucleophilic than the thiol group in cysteine, with p*K*~a~ values of ∼5.2 and ∼8.5, respectively ([@B2]). Therefore, the Sec residue is mainly found within the catalytic centers of enzymes performing oxidation-reduction reactions. Thus, selenium is an essential nutrient for human health.

The selenocysteine-specific tRNA (tRNA^Sec^) is the largest tRNA, and its anticodon is complementary to UGA, a stop codon ([@B3]). Selenocysteine is synthesized as the tRNA^Sec^-ligated form via a multi-step process, and not as the free amino acid ([@B1]). tRNA^Sec^ is ligated first with serine by seryl-tRNA synthetase (SerRS), to form seryl-tRNA^Sec^ (Ser-tRNA^Sec^) ([@B3]). The selenocysteine synthase SelA converts Ser-tRNA^Sec^ directly to selenocysteinyl-tRNA^Sec^ (Sec-tRNA^Sec^) in Bacteria ([@B4]). In Eukarya and Archaea, however, the Ser moiety of Ser-tRNA^Sec^ is phosphorylated by phosphoseryl-tRNA kinase (PSTK) ([@B5]), and the phosphate group of phosphoseryl-tRNA (Sep-tRNA^Sec^) is then converted to the selenol group by Sep-tRNA^Sec^ Sec-tRNA^Sec^ synthase (SepSecS) ([@B6],[@B7]). The translational incorporation of Sec into proteins utilizes the Sec-specific elongation factor (SelB or EF-Sec), rather than the general elongation factor (EF-Tu or EF1A) ([@B8]--[@B10]). SelB brings Sec-tRNA^Sec^ into the A site of the ribosome, depending not only on the UGA codon but also on the Sec insertion sequence (SECIS) in the mRNA, and Sec is then incorporated into the nascent, growing polypeptide ([@B9],[@B11]).

The bacterial SECIS is located just downstream of the UGA codon within the coding region ([@B12],[@B13]), while the eukaryal/archaeal SECIS is located in the untranslated region ([@B14],[@B15]). The bacterial SelB directly interacts with the SECIS RNA ([@B11],[@B16],[@B17]), whereas the eukaryal/archaeal SelB requires an additional factor for SECIS recognition ([@B10],[@B18]). The bacterial SelB uniquely possesses RNA-binding winged-helix domains (WHDs) for the SECIS recognition. The crystal structures of the full-length archaeal SelB from the archaeon *Methanococcus maripaludi* and those of the C-terminal fragment of bacterial SelB from *Moorella thermoacetica* and *Escherichia coli* were reported ([@B16],[@B17],[@B19]--[@B21]). However, the full-length structure of the bacterial SelB was unknown.

In this study, we solved the crystal structure of the full-length SelB from the bacterium *Aquifex aeolicus*. This full-length structure clarified how the N- and C-terminal halves, which bind Sec-tRNA^Sec^ and the SECIS RNA, respectively, are connected. The structure of the aminoacyl-binding site revealed the mechanism of the discrimination of Sec from Ser by SelB. Furthermore, we discuss the UGA-decoding mechanism, based on the complex model of the ribosome, SelB, Sec-tRNA^Sec^ and mRNA.

MATERIALS AND METHODS {#SEC2}
=====================

Protein preparation {#SEC2-1}
-------------------

The gene encoding *A. aeolicus* SelB was amplified by PCR from the genomic DNA, using forward and reverse primers containing NdeI and SalI restriction sites, respectively. The PCR product was digested with the restriction enzymes and ligated between the NdeI and SalI restriction sites of the pET25b vector (Novagen). The coding region in the plasmid is exactly the same as that of the native gene, and thus the expressed protein has no N- or C-terminal affinity or cloning tag.

The *E. coli* strain Rosetta 2(DE3) (Stratagene) was transformed with the expression plasmid, and the protein was overexpressed in LB medium at 37°C. The harvested *E. coli* cells were resuspended in 10 mM Tris--HCl buffer (pH 8.1), containing 0.25 M NaCl, 0.25 M MgCl~2~ and 5 mM 2-mercaptoethanol (2-ME). The cells were disrupted with an ultrasonic homogenizer, and the supernatant of the lysate was incubated at 74°C for 20 min to denature and remove most of the *E. coli* proteins. The supernatant was diluted three-fold with buffer A \[20 mM Tris--HCl buffer (pH 8.1) containing 10 mM 2-ME\] and loaded on an SP Sepharose Fast Flow column (GE Healthcare) equilibrated with buffer A. The protein was eluted by a linear gradient of 0.21--1.2 M NaCl. The fractions containing SelB were pooled and dialyzed against buffer B \[20 mM Tris--HCl buffer (pH 8.1), containing 250 mM NaCl and 10 mM 2-ME\]. The sample was then loaded on a Mono S column (GE Healthcare), and eluted by a linear gradient of 0.24--0.96 M NaCl. The purified protein was dialyzed against buffer B, and concentrated to 10.0 mg/ml.

The selenomethionine (SeMet)-substituted SelB was overexpressed in the same strain as the native protein, grown in M9 minimal medium at 37°C. When the OD~600~ reached 0.3, final concentrations of 60 mg/l [l]{.smallcaps}-selenomethionine, 100 mg/l each of [l]{.smallcaps}-threonine, [l]{.smallcaps}-lysine hydrochloride and [l]{.smallcaps}-phenylalanine, and 50 mg/l each of [l]{.smallcaps}-leucine, [l]{.smallcaps}-isoleucine and [l]{.smallcaps}-valine were added, to prevent methionine production. After 15 min, induction was performed by adding a final concentration of 0.5 mM isopropyl β-[d]{.smallcaps}-1-thiogalactopyranoside, and the cells were cultured overnight at 37°C.

The SeMet-substituted protein was purified in a similar manner to that of the native protein. In detail, the harvested *E. coli* cells were resuspended in 20 mM Tris--HCl buffer (pH 8.1), containing 0.50 M NaCl, 0.50 M MgCl~2~, and 10 mM 2-ME, and disrupted, and the lysate was incubated at 75°C for 10 min. The supernatant was diluted 10-fold with buffer A, and loaded on an SP Sepharose Fast Flow column. The protein was eluted by a linear gradient of 0.24--1.2 M NaCl. The fractions containing SelB were pooled, and diluted 2.3-fold with buffer A. The protein was further purified by Mono S column chromatography, with a linear gradient of 0.24--1.2 M NaCl. The purified protein was dialyzed against buffer B, and concentrated to 10.9 mg/ml.

Crystallization and X-ray diffraction data collection {#SEC2-2}
-----------------------------------------------------

The SelB protein, in complexes with 5′-guanylyl imidodiphosphate (GMPPNP) and with GDP, was prepared by adding final concentrations of 10 mM Mg~2~SO~4~ and 3.0 mM of each ligand. Crystallization of the SelB•GMPPNP and SelB•GDP complexes and the ligand-free SelB was performed at 20°C by the sitting-drop vapor diffusion method, by mixing the samples and the reservoir solutions. The Crystal Screen 2, Natrix (Hampton Research), Wizard I, and Wizard II (Emerald Bio-Science) screening kits were used for the initial screening of the crystallization conditions. SelB•GMPPNP was crystallized in Wizard I condition \#8 \[100 mM trisodium citrate--citric acid buffer (pH 5.5) containing 2.0 M (NH~4~)~2~SO~4~\], whereas SelB•GDP and the ligand-free SelB were not crystallized. Optimization was performed using the SeMet-substituted SelB•GMPPNP, and the final reservoir conditions were 100 mM sodium acetate--HCl buffer (pH 5.1) containing 1.7 M (NH~4~)~2~SO~4~ and 20 mM [l]{.smallcaps}-cysteine.

The crystals thus obtained were transferred into the cryo-protective solution, 100 mM trisodium citrate--HCl buffer (pH 5.2) containing 42% [d]{.smallcaps}-glucose, 2.0 M (NH~4~)~2~SO~4~, 20 mM [l]{.smallcaps}-cysteine, and 20 mM MgCl~2~, and flash-cooled in a cryo-N~2~ stream or liquid N~2~. X-ray diffraction data were collected at 90 K, by using synchrotron radiation at the BL41XU of SPring-8 (Harima, Japan). The data were processed with the XDS program ([@B22]) (Table [1](#tbl1){ref-type="table"}).

###### Data collection and refinement statistics

  ----------------------------- ----------------------------------
  **Data collection**           
  Beam line                     Spring-8 BL41XU
  Wavelength (Å)                0.97895
  Space group                   *P*4~3~2~1~2
  Cell parameters               *a* = *b* = 114.2, *c* = 204.6 Å
  Resolution (Å)                50.0--3.19 (3.38--3.19)^a^
  Unique reflections            42,987 (6,909)^a^
  Completeness (%)              99.8 (99.4)^a^
  Redundancy                    15.48 (15.46)^a^
  *CC*~1/2~                     99.9 (50.9)^a^
  *I*/σ(*I*)                    16.87 (1.26)^a^
                                
  **Phasing**                   
  No. of identified Se sites    8
  Phasing power                 0.718
  FOM (before DM/after DM)      0.198/0.864
                                
  **Structure refinement**      
  Working-set reflections       40,775
  Test-set reflections          2179
  Resolution (Å)                40.4--3.19
  Number of protein atoms       4663
  Number of ligands             1 (GMPPMP), 1 (L-cysteine)
  Number of ions                1 (Mg^2+^), 3 (SO4^2−^)
  Number of solvent molecules   0
  *R*~work~ / *R*~free~         0.207/0.261
  Average *B* factor (Å^2^)     
  Overall                       131.7
  Protein                       131.5
  Ligand                        125.4
  Ion                           181.7
  RMSD bond lengths (Å)         0.010
  RMSD bond angles (°)          1.39
  ----------------------------- ----------------------------------

^a^The statistics in the highest-resolution shell are given in parentheses.

Structure determination and refinement {#SEC2-3}
--------------------------------------

The SelB structure was solved by the single-wavelength anomalous dispersion method, using the SeMet-substituted SelB. The autoSHARP program ([@B23]) was used for experimental phasing, and the DM program ([@B24],[@B25]) was used for the subsequent density modification. The Coot program ([@B26]) was used for manual fitting of the models to the electron density map. The structure was refined against the diffraction data by using the Phenix program ([@B27]), with iterative cycles of positional and temperature-factor refinements. The structure determination and refinement statistics are provided in Table [1](#tbl1){ref-type="table"}, and the electron density map of a representative region is shown in Supplementary Figure S1.

Model building of the complex structures {#SEC2-4}
----------------------------------------

The structural model of SelB in complex with Sec-tRNA^Sec^ was built, based on the crystal structure of the EF-Tu•Cys-tRNA^Cys^ complex (PDB ID: 1B23) ([@B28]). The EF-Tu in the complex was replaced with the present SelB crystal structure, by superimposing its EF-Tu-like domains on the corresponding region. The tRNA^Cys^ structure was then replaced by the *A. aeolicus* tRNA^Sec^ crystal structure reported previously (PDB ID: 3W3S) ([@B29]). The back-bone phosphorus atoms of the acceptor and T stems were used for the superimposition (nucleotides 1--7, 49--52 and 62--72 in tRNA^Sec^ versus nucleotides 1--7, 49--53 and 61--72 in tRNA^Cys^). The CCA end of tRNA^Sec^ and the ligated Sec moiety were modeled, based on the [l]{.smallcaps}-cysteine molecule bound to the aminoacyl binding pocket of SelB, followed by slight moving of the acceptor stem and G73 to connect its CCA end.

The structural model of the SelB•Sec-tRNA^Sec^•SECIS RNA complex was created by integrating the SECIS RNA into the SelB•Sec-tRNA^Sec^ complex model. The crystal structure of SECIS RNA in complex with *M. thermoacetica* SelB WHD3--4 (PDB ID: 1WSU) ([@B17]) was bound by superimposing the WHD3--4 structures.

The modeled complex structure of the ribosome, SelB, Sec-tRNA^Sec^ and the SECIS RNA was constructed, based on the crystal structure of the 70S ribosome in complex with EF-Tu•Trp-tRNA^Trp^, mRNA and P- and E-site tRNA^Phe^s (PDB ID: 4V5L) ([@B30]). The EF-Tu•Trp-tRNA^Trp^ in the complex was replaced by the modeled complex of SelB, Sec-tRNA^Sec^ and the SECIS RNA, by superimposing D3 of SelB on the corresponding region. The orientation of WHDs 2--4 relative to WHD1 was changed by about 38°, to avoid clashing with the 16S rRNA (Supplementary Figure S2). To clarify the connection between the A-site codon and the SECIS RNA, the mRNA was replaced by the longer form from the crystal structure of the 70S ribosome in complex with mRNA, and the A-, P- and E-site tRNA^Phe^s (PDB ID: 4V6F) ([@B31]). The position of Sec-tRNA^Sec^ was adjusted to that of the Trp-tRNA^Trp^ by using the T stem for the superimposition (nucleotides 7, 49--52 and 62--66 in tRNA^Sec^ versus nucleotides 49--53 and 61--65 in tRNA^Trp^). The coordinates of the distal half of the tRNA^Sec^ anticodon arm (nucleotides 30--41) were modified to generate the codon-anticodon base pairing.

RESULTS AND DISCUSSION {#SEC3}
======================

Crystal structure of *A. aeolicus* SelB {#SEC3-1}
---------------------------------------

We determined the crystal structure of the full-length bacterial SelB from *A. aeolicus* in complex with a GTP analog, 5′-guanylyl imidodiphosphate (GMPPNP), at 3.2-Å resolution (Figure [1A](#F1){ref-type="fig"}). The N-terminal half consists of the three EF-Tu-like domains, D1 (residues 1--171), D2 (residues 179--265) and D3 (residues 266--342), and the spacer connecting D1 and D2 (D1--2 linker, residues 172--178) (Figure [1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}). The C-terminal half consists of the four WHDs, WHD1 (residues 362--406), WHD2 (residues 407--467), WHD3 (residues 475--524), and WHD4 (residues 525--582), and the linker connecting WHD2 and WHD3 (WHD2--3 linker, residues 468--474). The N- and C-terminal halves are connected by a spacer region (the N-C spacer, residues 343--361).

![Overall structure of the full-length bacterial SelB. (**A**, **B**) Overall crystal structure of *A. aeolicus* SelB (A) and its domain composition (B). The GTP analog, GMPPNP, is shown as a sphere model. (**C--E**) Structure comparisons of the bacterial and archaeal SelBs and EF-Tu. The crystal structures of *A. aeolicus* SelB (C), *M. maripaludis* SelB (D) (PDB ID: 4ACB) ([@B19]), and *T. aquaticus* EF-Tu (PDB ID: 1EFT) ([@B33]) are shown in the same orientation. The C-terminal halves of the bacterial and archaeal SelBs have different orientations.](gkv833fig1){#F1}

The structure of the N-terminal half consists of the GMPPNP-bound D1, the barrel-like D2 and the β-barrel D3, which are similar to those of the GMPPNP-bound archaeal SelB and the bacterial EF-Tu (Figure [1C](#F1){ref-type="fig"}--[E](#F1){ref-type="fig"}) ([@B19],[@B32],[@B33]). The four WHDs are arranged in tandem in the unique C-terminal half (Figure [1A](#F1){ref-type="fig"}). The WHDs 2--4 share the same fold, α-β-α-α-β-β, where the β strands form an antiparallel β-sheet. In contrast, WHD1 has an irregular α-α-η-β-β fold, where one β-strand is imperfect and the third helix is a 3~10~ helix. The structures of WHDs 2--4 are similar to those in the reported C-terminal-fragment structure of SelB from the bacterium *Moorella thermoacetica* ([@B16],[@B20]) (Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}). However, the WHD1 from *M. thermoacetica* has the standard α-β-α-α-β-β fold, and the difference may be due to the interactions with D3 and the N-C spacer.

![Structures of the C-terminal half and the spacer region of SelB. (**A--C**) Structural flexibility of the WHDs. The C-terminal half from the crystal structure of *A. aeolicus* SelB is superimposed on the crystal structure from the C-terminal half of *M. thermoacetica* SelB (PDB ID: 1LVA) ([@B16]), by fitting their WHD1--2 (A) and WHD3--4 (B), respectively. The C-terminal half of *M. thermoacetica* in complex with the SECIS RNA (PDB ID: 2UWM) ([@B20]) is also superimposed by fitting WHD3--4 (C), where WHD1 is disordered and the SECIS RNA is not shown. (**D**, **E**) Interactions of the N-C spacer between the N- and C-terminal halves. The spacer, colored gray, interacts with D3 and WHD1. Each region is colored as in Figure [1](#F1){ref-type="fig"}.](gkv833fig2){#F2}

The eukaryal/archaeal SelB contains another component in the C-terminal region in addition to the EF-Tu-like domains, and it is quite different from that in the bacterial SelB (Figure [1C](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"}). The C-terminal region of the eukaryal/archaeal SelB consists of only one domain. The orientation of the C-terminal half relative to the EF-Tu-like domains in the present bacterial SelB structure is different from that of the archaeal SelB C-terminal domain ([@B19]). This difference may be related to the putatively distinct SECIS recognition mechanism.

The structural flexibility {#SEC3-2}
--------------------------

The N-C spacer contains two α helices (α7 and α8), which are directly connected at an angle of 56°. The N-C spacer interacts with both D3 and WHD1 (Figure [2D](#F2){ref-type="fig"} and [E](#F2){ref-type="fig"}). The Ile273, Ile302, Ile306, and Leu339 residues from D3 form a hydrophobic surface that interacts with Val343, Ile351, Ile355, Leu358 and Leu359 from the N-C spacer, while the Arg319 side chain from D3 hydrogen bonds with the main-chain carbonyl group of Leu358 from the N-C spacer. In addition, Asn354 and Asp357 from the N-C spacer form hydrogen bonds with Lys368 from WHD1, and Phe350 and Leu358 from the N-C spacer form hydrophobic interactions with Tyr365 from WHD1.

Direct interactions also exist between D3 and WHD1 (Figure [2D](#F2){ref-type="fig"} and [E](#F2){ref-type="fig"}). The Glu267 (side chain) and Arg319 (main chain) residues from D3 form hydrogen bonds with Arg382 (side chain) and Ile383 (main chain) from WHD1, respectively. In addition, the Arg319 side chain stacks on Phe362 from WHD1 and Pro341 from D3 forms a hydrophobic interaction with Ile383 from WHD1. These interactions clearly indicate that the position of WHD1 relative to D3 is tightly fixed.

In contrast, a mobile hinge separates the C-terminal half into two regions, WHD1--2 and WHD3--4 (Figure [1A](#F1){ref-type="fig"}). WHD3--4 is stabilized by extensive inter-domain interactions, while WHD1--2 is much more flexible. However, a drastic movement between WHD1 and WHD2 is unlikely, since they are directly connected with no linker. This flexibility is consistent with the reported crystal structures ([@B16],[@B20]) (Figure [2A](#F2){ref-type="fig"}--[C](#F2){ref-type="fig"}).

The GTP-binding site and the switch regions {#SEC3-3}
-------------------------------------------

In the crystal structure, the GTP analog GMPPNP is bound to D1. The guanine ring is sandwiched between the side chains of Val152 and Lys117 (Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}). The Asp119 side chain and the Ala151 main chain form hydrogen bonds with the guanine ring, to achieve the specificity for guanine nucleotides. The α- and β-phosphate groups interact with the continual main-chain NHs from the P-loop motif (residues 10--17) and the α1 helix. The Lys16 and Thr18 side chains also participate in the phosphate group binding.

![GMPNP interaction and the switch regions of SelB. (**A**) Interaction with GMPPNP in the crystal structure. GMPPMP and Mg^2+^ are shown as a stick and a green sphere, respectively. The P-loop motif (residues 10--17), switch I (residues 26--42), and switch II (residues 62--79) in D1 are colored pale green, pink and light orange, respectively. The rest of D1 is colored blue, and the other domains are colored as in Figure [1](#F1){ref-type="fig"}. (**B**--**D**) Comparison with archaeal SelB and bacterial EF-Tu. The GMPPNP-binding site and the switch regions of *A. aeolicus* SelB (B), *M. maripaludis* SelB (C) (PDB ID: 4ACB) ([@B19]), and *T. aquaticus* EF-Tu (D) (PDB ID: 1EFT) ([@B33]) are shown in the same orientation. Most of the switch I region in the archaeal SelB is disordered.](gkv833fig3){#F3}

The γ-phosphate group interacts with the Lys16 side chain, the Ser40 main chain and the Gly64 main chain (Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}). The Ser40 and Gly64 residues are located on switches I and II, respectively. The Ser40 side chain also interacts with the γ-phosphate group, in a Mg^2+^-mediated manner. The Mg^2+^ is coordinated by the β- and γ-phosphate groups and the Thr17 and Ser40 side chains. Since GDP lacks the γ-phosphate group, the interactions of the phosphate group with switches I and II are unique to the GTP-bound form.

Switch I consists of α2 and the linker connecting α1 and α2 (Figure [3B](#F3){ref-type="fig"}). In the reported *M. maripaludis* SelB crystal structure, switch I is mostly disordered (Figure [3C](#F3){ref-type="fig"}), possibly due to the method used to solve the GTP-bound form structure: back-soaking of the SelB•GDP co-crystal, followed by soaking with GMPPNP ([@B19]). Therefore, the 'GTP-bound form' of the archaeal SelB may be an intermediate between the GTP- and GDP-bound forms. The α1 helix and its following linker in the bacterial SelB are shorter than the corresponding regions in EF-Tu ([@B32],[@B33]) (Figure [3B](#F3){ref-type="fig"} and [D](#F3){ref-type="fig"}). In the EF-Tu structure, the corresponding linker region has a 3~10~ helix that interacts with the GTP analog (Figure [3D](#F3){ref-type="fig"}). On the other hand, the switch II structure is quite similar to that of EF-Tu (Figure [3A](#F3){ref-type="fig"}--[C](#F3){ref-type="fig"}).

The Sec-binding site {#SEC3-4}
--------------------

As in EF-Tu, the aminoacyl-binding pocket for Sec-tRNA^Sec^ is located on the interface of D1 and D2 in the bacterial SelB. SelB in this study was crystallized under conditions containing [l]{.smallcaps}-cysteine, as an analog of selenocysteine. The aminoacyl-binding pocket contains an electron density corresponding to [l]{.smallcaps}-cysteine (Figure [4A](#F4){ref-type="fig"}), and it probably mimics the binding of the Sec moiety of Sec-tRNA^Sec^. The thiol group of the bound L-cysteine interacts with Arg198 and Arg241 in D2, while the amino group interacts with His229. The Arg241 side chain is fixed, by forming a salt bridge with the Asp185 side chain and further stacking with the Phe45 side chain from D1.

![The binding site for the aminoacyl moiety on SelB. (**A**) The [l]{.smallcaps}-cysteine molecule (stick model) bound in the putative Sec-binding site. The gray mesh shows the omit *F*~O~ − *F*~C~ electron density map for the [l]{.smallcaps}-cysteine at the 3.0 σ level. Each region of SelB is colored as in Figure [3](#F3){ref-type="fig"}. (**B**) The Sec binding site of the archaeal SelB (PDB ID: 4ACB), shown in the same orientation as in (A). Asp191 and Arg247 do not form a salt bridge, possibly due to the use of soaking techniques. (**C**, **D**) Modeled complex structure of bacterial SelB and Sec-tRNA^Sec^. The Sec moiety, A76, and the phosphate group of C75 are shown as stick models. The selenium atom is shown as a magenta sphere. The solvent accessible surface is shown in (D). (**E**, **F**) The complex of EF-Tu and Cys-tRNA^Cys^ from the reported crystal structure (PDB ID: 1B23) ([@B28]) is shown for comparison. The binding site for the aminoacyl moiety is less exposed than that of SelB.](gkv833fig4){#F4}

The importance of Arg241 was confirmed by a mutational analysis, monitoring the *in vivo* 'recoding' activity in *E. coli* (Arg236 in *E. coli* numbering) ([@B19]). In contrast, Arg198 is unique to *A. aeolicus* SelB and is not conserved in other bacterial SelBs (Supplementary Figure S3). At the position of Ser186 in *A. aeolicus* SelB, the other SelBs have a basic residue (Arg181 in *E. coli*), and its importance has also been confirmed for *E. coli* ([@B19]). In the crystal structure, Arg198 and Ser186 are located next to each other on the β sheet (Figure [4A](#F4){ref-type="fig"}). In *A. aeolicus* SelB, Arg198 is likely to compensate for the loss of the basic residue at position 186.

The residues in the Sec-binding pocket are also conserved in the archaeal and eukaryal SelBs. In *M. maripaludis* SelB, Phe51, Asp191 and Arg247 correspond to Phe45, Asp185 and Arg241, respectively, of *A. aeolicus* SelB ([@B19]) (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). Furthermore, His192 is located in the position corresponding to Ser186 of *A. aeolicus* SelB. However, the Sec-binding site is not properly formed in the crystal structure of the archaeal SelB, where Asp191 and Arg247 do not form a salt bridge and Phe51 has no stacking interactions (Figure [4B](#F4){ref-type="fig"}). Phe51 is located next to switch I, which is disordered in the crystal structure of the archaeal SelB. The different orientations of the residue in the Sec-binding site probably occurred because of the GMPPNP soaking method ([@B19]). Therefore, the Sec interaction mechanism is likely to be conserved between Bacteria and Archaea.

Based on the bound [l]{.smallcaps}-cysteine in our crystal structure, we modeled the Sec-ligated CCA terminus of tRNA^Sec^ (Figure [4C](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}). The binding pocket for the adenine ring of the tRNA terminal A76 is formed by Val190, Tyr193, Val196, Gln227, Gly230, Phe232 and Ala243. The adenine-ring binding site is located at the corresponding position in the EF-Tu•Cys-tRNA^Cys^ complex structure ([@B28]) (Figure [4E](#F4){ref-type="fig"} and [F](#F4){ref-type="fig"}). In addition to Arg198 and Arg241 in the bacterial SelB, Arg30 located in switch I may also participate in the Sec interaction. The side chain of Arg30 is close to the thiol group of the bound [l]{.smallcaps}-cysteine in the crystal structure (Figure [4A](#F4){ref-type="fig"}). Since the selenol group of Sec is deprotonated at neutral pH, three Arg residues can simultaneously interact with the selenol group, which may contribute to the specificity for Sec-tRNA^Sec^, rather than Ser-tRNA^Sec^. Arg30 is well conserved as Arg/Lys in both Bacteria and Archaea/Eukarya, although some bacterial SelBs lack it (Supplementary Figure S3). In our model, Arg30 may also interact with the phosphate group of C75 in tRNA^Sec^ (Figure [4C](#F4){ref-type="fig"}).

The binding affinity between Sec-tRNA^Sec^ and SelB•GTP is reportedly much stronger than that between deacylated tRNA^Sec^ and SelB•GTP, with p*K*~d~ values of 0.2 pM and 190 nM, respectively ([@B34]). It is estimated that three ionic interactions are formed upon the binding of the Sec moiety of Sec-tRNA^Sec^ ([@B34]). This is consistent with the ionic interactions between the deprotonated selenol group and the Arg residues in our modeled structure.

In the EF-Tu•aminoacyl-tRNA complex structures, His68, Glu227, Asp228, Thr240, His274, Arg275 and Asn286 form a space to accommodate the side chain of the aminoacyl moiety, without specificity for any of the twenty amino acids ([@B28],[@B35]) (Figure [4E](#F4){ref-type="fig"} and [F](#F4){ref-type="fig"}). Interestingly, the corresponding space in SelB is occupied by the salt bridge Asp185•Arg241 (Figure [4A](#F4){ref-type="fig"}), and the Sec binding site is more exposed to the surface than the buried binding site in EF-Tu (Figure [4D](#F4){ref-type="fig"} and [F](#F4){ref-type="fig"}). Using this shallow pocket with the Arg residues, SelB achieves the Sec-specific interaction, which is essential for SelB.

Structural model of the complex of SelB with tRNA^Sec^ and mRNA SECIS {#SEC3-5}
---------------------------------------------------------------------

In addition to the CCA terminus, the rest of the tRNA^Sec^ molecule was also modeled, based on the comparison to the EF-Tu•Cys-tRNA^Cys^ complex structure (PDB ID: 1B23) ([@B28]) (Figure [5A](#F5){ref-type="fig"}) (See methods). The SECIS RNA structure, generated from the SelB WHD3--4•SECIS RNA complex structure (PDB ID: 1WSU) ([@B17]), was also bound by superimposing the WHD3--4 structures (Figure [5B](#F5){ref-type="fig"}).

![Modeled complex of SelB with Sec-tRNA^Sec^ and SECIS RNA. (**A**) Overall view of the modeled complex of SelB and Sec-tRNA^Sec^. The acceptor, D, anticodon, extra and T arms of tRNA^Sec^ are colored red, blue, green, yellow, and orange, respectively. The linker between the acceptor and T stems is violet. Each region of SelB is colored as in Figure [1](#F1){ref-type="fig"}. (**B**) Modeled complex of SelB, Sec-tRNA^Sec^ and SECIS RNA. The hairpin of SECIS RNA is colored deep blue. (**C**) Modeled complex of SelB and tRNA^Ser^, shown in the same orientation as in (A). The tRNA^Ser^ structure is from the crystal structure of the tRNA^Ser^•SerRS complex (PDB ID: 1SER) ([@B39]). The disordered regions of tRNA^Ser^ in the crystal structure are colored light gray, and the other regions are colored as in tRNA^Sec^. (**D**) Merged view of SelB with tRNA^Sec^ (red) and tRNA^Ser^ (blue), in the same orientation as in (A) and (C). Due to the difference in the rotation angle, the extra arm of tRNA^Sec^ contacts D3 of SelB, whereas that of tRNA^Ser^ is located away from SelB.](gkv833fig5){#F5}

This model suggested the preferred positions of tRNA^Sec^ and the SECIS RNA on SelB. The tRNA^Sec^ and the SECIS RNA are located on the N- and C-terminal halves of SelB, respectively. D1 and D2 interact with the acceptor arm of tRNA^Sec^, while D3 interacts with the T and extra arms. WHD3 and WHD4 interact with the SECIS RNA. Although it was speculated that WHD2 interacted with the anticodon arm of tRNA^Sec^ ([@B20]), this interaction does not seem to be possible, even if the flexibility of WHD1 and 2 is taken into account.

The interaction between D3 of SelB and the long extra arm of tRNA^Sec^ could contribute to the specificity for tRNA^Sec^, rather than the canonical tRNA species, such as tRNA^Ser^ and tRNA^Cys^. The long extra arm, composed of a stem-and-loop, is unique to tRNA^Sec^, tRNA^Ser^, tRNA^Leu^ and tRNA^Tyr^. Furthermore, the stem regions of the acceptor and T arms of tRNA^Sec^ are quite different from those of the canonical tRNAs, including tRNA^Ser^, tRNA^Leu^ and tRNA^Tyr^. In the canonical tRNAs, the 7-base-pair acceptor stem and the 5-base-pair T stem form the 12-base-pair acceptor-T helix (the 7--5 secondary structure). In contrast, tRNA^Sec^ has a 13-base-pair acceptor-T helix (the 8--5 and 9--4 secondary structures in Bacteria and Archaea/Eukarya, respectively) ([@B29],[@B36],[@B37]). The longer acceptor-T helix changes the orientation of the extra arm, because of the rotation of 33° per base pair along the helix axis. Therefore, even though tRNA^Ser^ has a long extra arm, it is located away from D3 when tRNA^Ser^ ([@B39]) is modeled on SelB (Figure [5C](#F5){ref-type="fig"} and [D](#F5){ref-type="fig"}).

Recoding on the ribosome {#SEC3-6}
------------------------

To understand the recoding mechanism, the modeled complex of SelB, Sec-tRNA^Sec^, and the SECIS RNA was further docked onto the 70S ribosome, by comparison with EF-Tu•Trp-tRNA^Trp^ in complex with the 70S ribosome (PDB ID: 4V5L) ([@B30]) (Figure [6A](#F6){ref-type="fig"}--[D](#F6){ref-type="fig"}). In the process of the modeling, the positions of WHDs 2--4 relative to the other domains were changed, to avoid clashing with the 16S rRNA (Supplementary Figure S2). In the resulting model, WHD1 and WHD2 contact helix 16 of the 16S rRNA (Figure [6C](#F6){ref-type="fig"} and [D](#F6){ref-type="fig"}).

![Modeled complex of SelB with the ribosome. (**A**, **B**) The modeled complex of SelB, Sec-tRNA^Sec^, and SECIS RNA was further docked onto the 70S ribosome in complex with mRNA and the P- and E-site tRNAs. The 30S and 50S ribosomal particles and the mRNA are colored brown, black, and magenta, respectively. Surface model of SelB, colored as in Figure [1](#F1){ref-type="fig"}. The ribosome is not shown in (B). (**C**, **D**) Close-up views of SelB in the model. WHD1 and WHD2 contact the ribosome. (**E**) Structure comparison of tRNA^Sec^ in the A/T state (blue) and that in the ribosome-free form (red). The crystal structure of *A. aeolicus* tRNA^Sec^, from the complex with archaeal SerRS (PDB ID: 3W3S) ([@B29]), was superimposed on tRNA^Sec^ in the model. In the crystal, only the extra and T arms of tRNA^Sec^ interact with SerRS, and the other regions can be regarded as the 'free' forms. (**F**) Structure comparison of tRNA^Trp^ in the A/T state (blue) in the crystal structure (PDB ID: 4V5L) ([@B30]) and the superimposed free tRNA^Phe^ (red) (PDB ID: 4TNA) ([@B40]). The orientation is the same as in (E).](gkv833fig6){#F6}

The SECIS RNA, bound to WHD3 and WHD4, is located in the vicinity of the mRNA-entrance channel of the ribosome (Figure [6B](#F6){ref-type="fig"}--[D](#F6){ref-type="fig"}). In general, the SECIS RNA hairpin forms a 6--8 base-pair stem, and its loop has the conserved G at ∼20 nucleotides downstream from the UGA codon ([@B11]). In our model, the distance between the A-site codon and the hairpin loop is ∼57 Å, which can be connected by ∼13 nucleotides. The hinge between WHD2 and WHD3 can accommodate the differences in the number of nucleotides derived from the diversity among the Sec-encoding mRNAs.

In first step of decoding, the canonical aminoacyl-tRNA is in the so-called A/T state, where EF-Tu binds to the acceptor arm of the tRNA and the anticodon forms base pairs with the codon at the A site. In this state, the anticodon and D arms form a bent helix (Figure [6F](#F6){ref-type="fig"}) ([@B30],[@B40]), which causes repulsive force. This force can only be withstood by a matched codon-anticodon pair, and thus it accomplishes the high specificity ([@B30],[@B38]). In contrast, Sec-tRNA^Sec^ in the A/T state requires only a small conformation change in its anticodon loop, without helix bending, in the model (Figure [6E](#F6){ref-type="fig"}). This is due to the difference in the orientation (33°) of the anticodon arm, caused by the longer acceptor-T helix.

Thus, in this study, we identified the specific Sec-binding site formed by D1 and D2 of SelB. Moreover, the full-length SelB structure revealed that the N-C spacer restricts the arrangement of the C-terminal half, containing WHD1--4, relative to the N-terminal half, with D1--3, and facilitated model building to examine the recoding mechanism involving the C-terminal half and the bound SECIS RNA.

ACCESSION NUMBER {#SEC4}
================

The atomic coordinates and structure factors have been deposited in the Protein Data Bank (ID: 4ZU9).
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